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Despite this usefulness, the time has come to examine the tenets of this hypothesis in light of the available data and decide which ideas are still useful and should be retained and which have not withstood the test of time and should be discarded.
It is clear that ion fluxes and proton fluxes must be fundamental processes in energy transduction. To argue otherwise would be foolish. However, it is equally clear that a central role of the electrochemical proton gradient, the socalled 'protonmotive force' is not substantiated as a general, primary mechanism of energy transduction in mitochondria. Data which will be presented here indicate that the two proposed components of the protonmotive force, i.e. the proton gradient and the electrical potential across the mitochondrial membrane, do not play a significant role in energy transduction.
The various values for the difference in pH between the inside and the outside of mitochondria obtained in several laboratories show that the proton gradient alone does not have a significant role (e.g., Addanki et al.. 1968; Rottenberg, 1973; Kinnally & Tedeschi, 1976; Ogawa etal., 1980; Dodgson et al., 1982) . Below we report similar values for giant mitochondria using a technique involving the micro-injection of a fluorescent pH indicator. It is obvious that at least in rat-liver mitochondria a role of the proton gradient would be limited to providing no more than about 10% of the necessary protonmotive force. Therefore, if the protonmotive force plays a role in energy transduction, a large metabolically induced membrane potential must be present. However, to our knowledge, there is no evidence at this time for a significant membrane potential in mitochondria.
In the most frequently used approach, the potential is calculated from the distribution of ions of strong acids or bases, most frequently cations. Since the responses of electrochromic dyes depend on their distribution, and they are charged, any criticism of the use of ionic probes applies to the electrochromic dyes as well. These probes can be and have been used successfully to calculate electric potentials across membranes in other systems and the approach is valid as long as the distribution depends solely on these potentials. In mitochondria, however, all indications are that they distribute by a distinct alternative mechanism. For most cases, it looks likely that the influx of one charge corresponds to the efflux of one H + (Tedeschi, 1981 Brierley et at., 1977) . Considering that most cation active transport systems have been found to be reversible, we reasoned that under these conditions, it should be possible to couple the influx of K + to ATP synthesis, and this was, in fact, found to be true (Kinnally & Tedeschi, 1982) . Since the synthesis takes place at high external K + concentration, while the swollen mitochondria are partially depleted of K +, a diffusion potential, if present, would be positive inside rather than negative. Furthermore, the conditions of the experiment make it unlikely that a proton gradient is formed, since the phosphorylation was found to be insensitive to protonophoric uncouplers. In fact, approximately one H + is taken up per ATP synthesized, close to what is required from the stoichiometry needed for the synthesis of ATP from ADP and Pi in the absence of a chemiosmotic mechanism. These results are difficult to explain with a chemiosmotic model and they definitely are not in harmony with a mechanism requiring the presence of gradients in the bulk phases of the system Experiments with giant mitochondria. The availability of giant mitochondria has permitted the use of micromanipulation to study mitochondrial energy transduction. The most commonly used preparation can be obtained from the liver of cuprizone-fed mice (see Bowman & Tedeschi, 1983) . The mitochondria have been found to be well coupled (Suchy & Cooper, 1974 ; Wakabayashi et a/., 1975) and to behave conventionally in relation to oxidative phosphorylation.
In studies which have already been reported (for a review see Tedeschi, 1980 Tedeschi, , 1981 , the electric potential across the membrane measured with microelectrodes in either mitochondria or mitoplasts was found to be small and inside positive. The microelectrodes have been shown to be in the inner space by a variety of criteria and most clearly by the electrophoretic injection of the water soluble dye Lucifer Yellow CH (Bowman & Tedeschi, 1980 , 1983 . Furthermore, impaled mitochondria were shown to function comparably with non-impaled mitochondria in terms of ATP synthesis Bowman et al., 1978) or the massive accumulation of calcium phosphate (Maloff et al., 606th MEETING, CORK 1978) . The production ofATP was monitored using the contraction of glycerinated myofibrils as an assay. The proportion of myofibrils contracting is a function of the concentration of ATP present, which is, of course, related to the phosphorylative rate, and the latter can be estimated by using some approximations (Tedeschi, 1980) . The use of myofibrils to sense ATP synthesis is very effective, but is essentially qualitative. Since a more quantitative technique was desirable, we turned to the luciferin-luciferase luminescence assay (e.g. Chapelle 8c Levin, 1968 ) using isolated single mitochondria. The rates of ATP synthesis were calculated, assuming a dry weight per mitochondrion of 7 x 10-l1g (Maloff et al., 1978) The results of the impalements (while recording membrane potentials) are in full agreement with the more extensive studies using the myofibril bioassay. Since the mitochondria do not exhibit a significant membrane potential (in the present experiments it was 5-6mV) but can still phosphorylate, it bxomes important to examine whether the proton gradient alone would be of sufficient magnitude to play a role in oxidative phosphorylation.
The viability of mitochondria which have been microinjected with pyranine allows us to estimate the gradient change produced by metabolism. Pyranine has been found Table I . ATP synthesis by inditlidual mitochondria Individual mitochondria were isolated by micromanipulation. The incubation medium contained 0.3M-sucrose, 10 mM-Hepes, 10 mM-succinate, 2 mM-pOtaSSium phosphate, pH 7.45. particularly useful in ApH studies (Kano & Fendler, 1978; Clement & Could, 1981) . The fluorescence change corresponding to given pH changes can be calibrated in individual mitochondria by equilibrating them after microinjection in media containing the protonophoric uncoupler FCCP at various pH values. As shown in Fig. I , the relationship between ApH and fluorescence is linear over a wide range of changes of pH. Therefore the fluorescence of the indicator was compared before and after the addition of succinate in mitochondria micro-injected with pyranine and blocked with rotenone. Two typical experiments are shown in Fig. 2 . The arrow indicates the time at which succinate was added. The fluorescence change was then converted to the appropriate ApH. It was found to correspond to 0.28&0.03and0.30+0.03(n = 4foreach). Againtheresults are comparable with those obtained with conventional ratliver mitochondria. These considerations indicate the gradients between bulk phases do not play a role in energy transduction in mitochondria. In our opinion the time has come to examine alternatives at the molecular level for the primary mechanism of ASP synthesis from ADP and P, in transducing systems. Although much progress has been made in the isolation and study of components of the mitochondrial electron-transport chain and of the F,,-F, ATPase system, we are still confronted by very fundamental problems concerning the mechanism of energy transduction. The respiratory chain is now known to involve as many as 20 redox centres and a great many polypeptides. But there is still significant disagreement regarding the number of H + or electric charges (q + ) translocated by the chain, the specific molecular components of the chain that bring their translocation about, and the molecular mechanisms involved. Among the several experimental requirements or conditions needed for the determination of the intrinsic or mechanistic H + /O translocation ratios for mitochondrial electron transport there are two that have not been fully met in many reported studies and that may be the basis of some of the persisting disagreement, which has been reviewed (Wikstrom & Krab, 1979 , 1980 Hinkle, 1981) . They are ( I ) accurate, specific, and kinetically compatible methods for determination of both electron flow and H + ejection, and (2) experimental conditions that allow the rates of electron flow and H + ejection to be extrapolated LO level flow, i.e. zero load or resistance in the form of Ap,,., at which the mechanistic H + / O ratio is most closely approached (Caplan, 1971; Rottenberg, 1979; Stucki, 1980) . Recent work in our laboratory has been devoted to developing 'second-generAbbreviations used: DCCD, dicyclohexylcarbodi-imide, FCCP, carbonylcyanide-p-trifluoromethoxyphenylhydrazone; HQNO, 2-n-heptyl-4-hydroxyquinoline N-oxide. mitochondrial electron transport ation' procedures to determine the mechanistic H +/0 ratios under conditions that meet these requirements. We have employed a fast-responding O 2 electrode whose platinum tip is coated with microscopic layers of sintered glass (Davies, 1962; Lehninger et al., 1981; Reynafarje et al., 1982) . rather than the relatively thick polymeric membrane of commercial Clark-type electrodes, which have long response times. The response times of the membraneless O2 electrodes can be adjusted to match those of pH electrodes by varying the number of layers of sintered glass, thus allowing kinetically compatible electrode measurements of the rate of change in the thermodynamic activities of O2 and H + in the suspending medium. We have validated our matched electrodes against reactions of known scaler H +/O stoichiometry catalysed by uncoupled mitochondrial preparations (2 cytochrome cz + + 1/20> + 2H backflow on the phosphate porter, and rotenone to prevent electron flow through site I . The reaction can be initiated in different ways, but injection of a limiting, known amount of O 2 into the de-energized anaerobic system containing succinate is most appropriate. The rates of O2 uptake and H + ejection were recorded over the entire course of reduction of the added 0 2 .
The kinetic relationships were analysed by computer and showed that both 0 , uptake and H + ejection rates declined exponentially with time from the moment of initiation up to 80% of the reaction course. From the very beginning of electron flow the ejected H + underwent increasingly faster back-flow with time, owing to the increasing driving force, namely the ApH developed by
